Abstract. Using the IBIS Compton mode, the INTEGRAL satellite is able to detect and localize bright and hard GRBs, which happen outside of the nominal INTEGRAL field of view. We have developed a method of analyzing such INTEGRAL data to obtain the burst location and spectra. We present the results for the case of GRB 030406. The burst is localized with the Compton events, and the location is consistent with the previous Interplanetary Network position. A spectral analysis is possible by detailed modeling of the detector response for such a far off-axis source with an offset of 36.9
Introduction
The INTEGRAL satellite detects gamma-ray bursts (GRBs) in two different ways: for a small number of events that fall in the field of view (FoV) of the imager IBIS (Ubertini et al. 2003) and of the spectrometer SPI (Vedrenne et al. 2003) , INTEGRAL provides accurate positions (∼2 arcmin) for rapid ground-and space-based followup observations (Mereghetti et al. 2003) . A significantly larger number of GRBs occurs outside of the FoV of the two instruments. These bursts can be monitored by the SPI anti-coincidence system: SPI-ACS (von Kienlin et al. 2003; Rau et al. 2005) . Up to now, the localization of the bursts that happened outside of the field of view was only possible with the aid of the 3 rd IPN (Hurley 1997) .
In this paper we show that for some of these bursts it is also possible to perform a more detailed localization analysis using the Compton mode of IBIS, provided that the burst is sufficiently strong and spectrally hard.
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Observations and data analysis
The IBIS telescope is an imaging instrument on-board the INTEGRAL satellite with a coded mask (Goldwurm et al. 2003) . There are two detection layers in the detector plane ISGRI and PICsIT (Labanti et al. 2003) . ISGRI is an array (128 × 128) of pixels made of semiconductive CdTe, sensitive to photons between 15 keV and ∼1 MeV. ISGRI works in photon-by-photon mode. PICsIT having the same detection area as ISGRI, is an array of 64 × 64 CsI scintillators, sensitive between ∼170 keV and 15 MeV located 94 mm below ISGRI. PICsIT (usually) makes light curves of the whole detector by making histograms of all events (so called Spectral Timing Mode). ISGRI and PICsIT can act as a Compton telescope, registering photons that are scattered in one and absorbed in the other detector. The coincidence time window is a parameter programmable on-board and it was set to ∼ 4 microseconds at the time of GRB 030406. The Compton mode is sensitive between 200 keV and ∼5 MeV.
There is a 3 meter long collimator on top of the detector unit. The walls of the collimator are made of lead and act as a shield to photons with energies up to ≈ 200 keV. For the geometrical reasons the optical depth of the shield is smaller for photons arriving at large angles. Thus hard photons from offaxis sources can pass through the shield and reach the detector. In particular off axis GRBs may be detectable in IBIS.
Thanks to the Compton mode data we were able to make successful, independent burst localization. Including information from the ISGRI data we have performed burst spectral analysis.
Compton imaging and localization
We have analyzed the Compton mode count rate during the GRB 030406. The burst profile in the Compton mode follows clearly the profiles seen by SPI-ACS, ISGRI and PICsIT (Fig. 1) . The gamma ray burst was detected in the Compton mode at the level of 30σ reaching ∼400 cts s −1 in the second peak (average background amount to ∼100 cts s −1 ). The Compton mode telemetry did not suffer the data gaps in contrast to ISGRI.
The Compton mode provides us with the following information: -energy deposits in ISGRI (E I ) and PICsIT (E P ), -position of the detection in ISGRI (x I , y I ) and PICsIT (x P , y P ), -timing of the event.
The two positions provide the information about the direction of the scattered photon. The two energies provide the Compton scatter angle θ C , which cosine, in case of the forward scatter, is given by:
where m e c 2 is the electron rest energy. Given the angle θ C and the direction after scattering we obtain a ring in the sky which contains the possible directions of the primary photon. In case of a point source all the rings cross at the location of the source. For a given observation a collection of such rings provides a Compton map of the sky S . In real observations the Compton map S consists of the source signal and the background B.
In the case of GRB 030406 we selected the Compton events from the begin of the peak up to the end of the tail, which consist of a 9.75 s time interval, see Fig. 1 . For these events a Compton map S i j of the sky was calculated using the method described above with the angular resolution of one degree. In order to determine the background we used the pre-burst data divided into 200 intervals lasting 9.75 s each. For each interval we calculated the all-sky Compton map and we determined the mean background B i j and its variance V i j in each pixel. The map σ i j was obtained by dividing the difference between the Compton map S i j and the background B i j by the map of the square root of variance of the noise in each pixel V i j . We present the map of significance σ i j in Fig. 2 . The largest deviations from the noise are ∼20, and the position of the pixels with the strongest deviation is consistent with the IPN location.
In order to obtain an estimate of the accuracy of such positioning we used two approaches: the maximum likelihood and the Monte-Carlo. In the first approach we assumed that the probability density that the true position lies in a given pixel i, j is proportional to the likelihood function:
After normalizing such probability density we found the region containing 68% of the probability corresponding to the ∼ 3.5
• radius.
In the second approach we used the IBIS mass model (Laurent et al. 2003) to extract the signal from simulated GRB events inserted into stretches of data with experimental background. We then performed the identical data analysis procedure and found the localization of such simulated bursts. We have analyzed 127 simulated bursts, and found the cumulative distribution of the distance between the actual burst position and the estimate obtained in our analysis. This distribution is presented in Fig. 3 . The 1σ region (containing 68% of the cases), corresponds to the accuracy of ∼4 • , and the 2σ is constrained to 6.5
• . The two methods lead to consistent results.
Spectral analysis
In addition to the Compton mode GRB 030406 has been also detected by ISGRI and PICsIT. There are only two energy channels in the PICsIT data stream therefore we have decided to model together the Compton and ISGRI data, neglecting the PICsIT.
We have divided the data into three time intervals marked in gray in Figure 1 as: precursor, peak and tail. The division of the main peak of the burst into the peak and tail was a consequence of the ISGRI data loss during the burst due to telemetry gap.
We first ran Monte Carlo simulations using the mass model of the INTEGRAL spacecraft to generate the detector response matrices (DRM) for a source located at the position of the burst. The DRM matrices were obtained for the ISGRI and Compton sub-systems. For all of them we have taken into account the influence of the IBIS VETO system, the energy thresholds in each ISGRI pixel and PICsIT crystal, the ISGRI noisy pixels, the failed ISGRI pixels and PICsIT crystals as well as the ISGRI and PICsIT energy resolution.
The Compton data were binned into six energy channels covering the range from 200 to 2500 keV. The ISGRI data spans from 24 to 450 keV which partially overlaps the Compton energy range and were binned into seven channels. The analysis of the pre-burst data with the correction for the varying dead time effect and exposures provided an estimate of the background. This background was subtracted from the total count spectrum in each channel.
We used the standard XSPEC 11.2 (Arnaud 1996) to fit the data. For each time region we tried to fit several models: single power law, broken power law, and a non physical model of single black-body. The single power law model never fitted the combined ISGRI and Compton data. The broken power law fits the data very well in all analyzed regions: precursor, peak precursor peak tail Fig. 4 . GRB 030406 spectrum fits to the combined ISGRI and Compton mode data. Upper panels show count spectra, while lower corresponding νF ν spectra. Broken power law model was fitted in each case: to the precursor data (left), to the peak part data (center) and to the tail (right). See text for details and tail. In additional fit we have allowed for different normalization of ISGRI and Compton components for peak region, taking to account two facts related with dead time influence: -during precursor and tail the count rate grows with factor about 1.5 for ISGRI and Compton mode, while during peak, these factors reach 2.5 for ISGRI and 4 for Compton mode, -the width of the burst peak, ≈1s, is much shorter than the INTEGRAL dead time effect calculation bin, equal 8s. Except meaningful decreasing of the reduced χ 2 we have not find significant evidence of changing fitted parameters. Results of all fits are presented in Table 1 . The broken power law fits and the residuals are presented in the top panels of Figure 4 .
We note that the precursor and the tail region can also be fitted with black body spectra with temperatures ≈ 100 keV. This is due to the fact that at high energies the count rates fall steeply. The lower panels of Figure 4 show the deconvolved νF ν spectra in each time interval. The precursor and tail spectra have peak power around 300-500 keV, while the νF ν spectrum in the peak seems to rise all the way into high energies.
The high energy index of β = −1.7 ± 0.3 for peak may imply the absence of a peak in the source power spectrum νF ν in the range covered by our data, i.e. up to 2.5 MeV. In order to estimate the lower limit on such a break compatible with the data we conducted the following analysis. We fit the Compton data with a broken power law with fixed high energy index:
In this initial fit the break energy was constant E break =3 000 keV. This value was chosen high enough not to influence the power law part of the fit. For this fit we obtained χ 2 = 0.55 with 4 degrees of freedom. We used the standard model parameter estimation (Lampton et al. 1976) to calculate the values of χ 2 corresponding to 90% and 99% confidence regions, which are respectively ∆χ 2 = 8.3 and ∆χ 2 = 13.8. Then keeping all the parameters but E break constant we looked for the lowest value of E break for which χ 2 was equal to the above values. We present the results in Figure 5 . We obtained E break >1 110 keV at 90% confidence level and E break >880 keV at 99% confidence level.
Discussion
We have shown that the IBIS Compton mode is able to detect and localize GRBs outside of the field of view of the Table 1 . Results of the spectrum fits for three time ranges of the GRB 030406. All the errors are at the 1σ level. (1). We present the χ 2 values corresponding to the 90% and 99% confidence levels.
INTEGRAL telescopes. We have found that the position of GRB 030406 obtained using the Compton mode technique is consistent with the IPN localization. The position accuracy has been estimated using the maximum likelihood and the Monte Carlo method. The results of both methods are consistent and the 1σ errors are ∼ 4
• . Given the position of the burst we computed the DRM for a source outside of the field of view of the satellite at this particular location. Using the DRM we analyzed the the Compton data, along with the ISGRI detection and fitted the spectrum with a broken power law in the range from 50 keV to 3 MeV.
The peak spectrum is very hard; in the νF ν the low energy index below 400 keV rises with the index ≈ +3.5 and above this energy it is still positive ≈ +0.3. We note that this spectrum is an average over the time interval of 2.8s around the maximum, thus the spectrum of the maximum might have even been harder since the burst spectra usually evolve from hard in the peaks to soft in their tails. We do not see any evidence that the νF ν spectrum peaks below 1.1 MeV. Thus, there is a hint of existence of bursts with the peak of νF ν spectrum above the distribution shown by Mallozzi et al. (1995) which truncates at ∼1 MeV for the bright BATSE bursts.
Such hard spectra have already been seen by BATSE - Preece et al. (2000) present the distribution of the low and high energy spectral indexes for a sample of 156 bright bursts. Both, the low and the high energy spectral indexes of GRB 030406 lie in the upper tails of the distributions of the spectral indexes presented by Preece et al. (2000) . It is therefore clear that the spectrum of this particular burst is in clear contradiction with the synchrotron model of GRBs (Katz 1994; Tavani 1995) , which predicts that there is a strict upper limit on the low energy spectral index of − 2 3 (Preece et al. 1998) . The low energy spectral slope is consistent within the error bars with the jitter synchrotron model of GRBs (Medvedev 2000) . We note that a detailed study of time resolved spectra (Ghirlanda et al. 2003) showed that the low energy spectral slopes are large ∼ 0.5 -1 at the rising parts of several bursts.
The value of E p of GRB 030406 -the peak of the νF ν spectrum lies above 1.1 MeV. It should be noted that this is on the high end of the Amati and Ghirlanda relations (Amati et al. 2002; Ghirlanda et al. 2004) . If this relation holds and we assume that the peak energy is larger than the 90% lower limit of 1100 keV, then the isotropic radiated energy for GRB 030406 is larger than (6 − 20) · 10 53 erg, where the uncertainty stems from the inaccuracy of the Amati relation. Hard bursts are therefore very energetic and may come from a population residing at high redshifts.
In summary, we confirm that the INTEGRAL in the Compton mode can detect hard GRBs. The localization accuracy is a few degrees. The GRB spectra can be studied in the range from ∼200 keV to ∼3 MeV depending on the location of the burst in the instrument coordinates. Further study of such hard bursts detectable in the INTEGRAL Compton mode may yield potential candidates of high redshift burst and also test the limits of validity if the Amati relation. Our rough estimations of the Compton mode capabilities give 2-3 detections of such bursts per year. They are consistent with BATSE results and seem to be confirmed by the other detections (Marcinkowski et al. in preparation) . Finally, we note that analysis of Compton data in principle allows to determine the polarization. A study of of the polarization sensitivity of the IBIS Compton mode is currently under way (Laurent et al. in preparation) .
